Hirai DM, Copp SW, Schwagerl PJ, Musch TI, Poole DC. Acute effects of hydrogen peroxide on skeletal muscle microvascular oxygenation from rest to contractions. J Appl Physiol 110: 1290-1298 , 2011 . First published March 3, 2011 doi:10.1152/japplphysiol.01489.2010.-Reactive oxygen species, such as hydrogen peroxide (H2O2), exert a critical regulatory role on skeletal muscle function. Whether acute increases in H2O2 modulate muscle microvascular O2 delivery-utilization (Q O2/ V O2) matching [i.e., microvascular partial pressure of O2 (PmvO 2 )] at rest and following the onset of contractions is unknown. The hypothesis was tested that H2O2 treatment (exogenous H2O2) would enhance PmvO 2 and slow PmvO 2 kinetics during contractions compared with control. Anesthetized, healthy young Sprague-Dawley rats had their spinotrapezius muscles either exposed for measurement of blood flow (and therefore Q O2), V O2, and PmvO 2 , or exteriorized for measurement of force production. Electrically stimulated twitch contractions (1 Hz, ϳ7 V, 2-ms pulse duration, 3 min) were evoked following acute superfusion with Krebs-Henseleit (control) and H2O2 (100 M). Relative to control, H2O2 treatment elicited disproportionate increases in Q O2 and V O2 that elevated PmvO 2 at rest and throughout contractions and slowed overall PmvO 2 kinetics (i.e., ϳ85% slower mean response time; P Ͻ 0.05). Accordingly, H2O2 resulted in ϳ33% greater overall PmvO 2 , as assessed by the area under the PmvO 2 curve (P Ͻ 0.05). Muscle force production was not altered with H2O2 treatment (P Ͼ 0.05), evidencing reduced economy during contractions (ϳ40% decrease in the force/V O2 relationship; P Ͻ 0.05). These findings indicate that, although increasing the driving force for bloodmyocyte O2 flux (i.e., PmvO 2 ), transient elevations in H2O2 impair skeletal muscle function (i.e., reduced economy during contractions), which mechanistically may underlie, in part, the reduced exercise tolerance in conditions associated with oxidative stress. blood flow; exercise; force; oxygen uptake; reactive oxygen species REACTIVE OXYGEN SPECIES (ROS) are pivotal elements in signal transduction (8, 20, 21, 46, 56) . Hydrogen peroxide (H 2 O 2 ), a small diffusible and ubiquitous molecule with a long half-life relative to other ROS, is regarded as one of the most influential ROS in terms of redox signaling (21). H 2 O 2 is generated constantly within skeletal muscle and its vasculature via direct reduction of molecular O 2 [e.g., by NADPH oxidase, xanthine oxidase, and uncoupled nitric oxide (NO) synthases] or dismutation of superoxide radicals either spontaneously or enzymatically by superoxide dismutase (8, 46, 56) . Key scavengers of H 2 O 2 include the enzymes catalase, glutathione peroxidase, and peroxiredoxin (8, 46, 56) .
REACTIVE OXYGEN SPECIES (ROS) are pivotal elements in signal transduction (8, 20, 21, 46, 56) . Hydrogen peroxide (H 2 O 2 ), a small diffusible and ubiquitous molecule with a long half-life relative to other ROS, is regarded as one of the most influential ROS in terms of redox signaling (21) . H 2 O 2 is generated constantly within skeletal muscle and its vasculature via direct reduction of molecular O 2 [e.g., by NADPH oxidase, xanthine oxidase, and uncoupled nitric oxide (NO) synthases] or dismutation of superoxide radicals either spontaneously or enzymatically by superoxide dismutase (8, 46, 56) . Key scavengers of H 2 O 2 include the enzymes catalase, glutathione peroxidase, and peroxiredoxin (8, 46, 56) .
Alterations in H 2 O 2 bioavailability have important implications for skeletal muscle function at rest and during metabolic transients. Transient elevations in H 2 O 2 levels could mediate an initial compensatory response to acute oxidative stress (traditionally defined as a disturbance in the oxidant-antioxidant balance in favor of the former) by acting as an endothelium-derived hyperpolarizing factor (34, 51) and/or increasing endothelial NO synthase (eNOS) activity (12, 27, 63, 64) , therefore minimizing potential deleterious effects on vasomotor control (15, 35, 43) . Consistent with this notion, Csekő et al. (16) reported that exogenously applied H 2 O 2 promotes concentration-and time-dependent effects on skeletal muscle arteriolar tone [and by implication O 2 delivery (Q O 2 )]. At 100 M concentration, there is a biphasic effect composed of a brief constriction, followed by a vasodilation that reaches steady state within ϳ3 min. In addition to its effects on the vasculature, acute increases in H 2 O 2 also modulate skeletal muscle O 2 utilization (V O 2 ; Ref. 57 ) and contractile function (4, 37, 49, 55) . Exposure of isolated skeletal muscle mitochondria to H 2 O 2 (100 M) uncouples oxidative phosphorylation and reduces energy transfer efficiency (expected to result in relatively greater muscle V O 2 for a given tension or work) (57) . Brief application of exogenous H 2 O 2 (ϳ100 M) increases force production in isolated unfatigued skeletal muscle fibers (49) . However, whether acute redox state modulation via increased H 2 O 2 improves the dynamic matching between skeletal muscle Q O 2 and V O 2 [i.e., enhanced muscle microvascular oxygenation (Pmv O 2 )] at rest and during contractions is unknown. Resolution of this issue is important given that, as dictated by Fick's law of diffusion, low Pmv O 2 impairs bloodmyocyte O 2 flux and, consequently, dysregulates skeletal muscle metabolism (26) , an effect that could impact negatively upon contractile performance in oxidative stress conditions, such as aging, chronic heart failure, hypertension, and diabetes.
The present study examined the effects of acutely increased H 2 O 2 on muscle Pmv O 2 and force production following the onset of contractions in healthy rat skeletal muscle in situ. Aiming to gain insights into how brief H 2 O 2 exposure modulates the Q O 2 -to-V O 2 ratio (Q O 2 /V O 2 ) and, therefore, Pmv O 2 , we also determined resting and contracting steady-state Q O 2 and V O 2 responses. Based on the evidence summarized above, the hypotheses were tested that acute oxidant treatment (exogenous 100 M H 2 O 2 ) would increase 1) blood flow (and thus Q O 2 ) and V O 2 ; 2) Pmv O 2 and slow Pmv O 2 kinetics during contractions; and 3) muscle force production.
METHODS

Animals.
A total of 43 young male Sprague-Dawley rats (3-4 mo old; body mass 354 Ϯ 13 g) were used in the present study for measurements of PmvO 2 (phosphorescence quenching; n ϭ 20), muscle blood flow (Q m) (radiolabeled microspheres; n ϭ 13), and force production (n ϭ 10). Rats were obtained from Charles River Laboratories and maintained on a 12:12-h light-dark cycle with food and water provided ad libitum. On completion of the study, all rats were euthanized with pentobarbital sodium overdose. All experimental procedures were conducted under the guidelines established by the National Institutes of Health and approved by the Institutional Animal Care and Use Committee of Kansas State University.
Surgical preparation. Animals were anesthetized initially with 5% isoflurane gas. Subsequently, while being maintained on a 2-3% isoflurane-O 2 mixture, the caudal (tail) artery was isolated surgically and cannulated (PE-10 connected to PE-50; Intra-Medic Tubing, Clay Adams Brand) for continuous monitoring of mean arterial pressure (MAP; Digi-Med BPA model 200) and infusion of the phosphorescent probe palladium meso-tetra (4-carboxyphenyl) porphyrin dendrimer (R2; 15 mg/kg; Oxygen Enterprises). Blood from the tail catheter was sampled at the end of each experimental protocol within a subset of 10 animals for the determination of arterial blood gases, pH, systemic hematocrit, and plasma lactate. For blood flow measurements, an additional catheter (PE-10 connected to PE-50) was placed in the ascending aorta via the right carotid artery to allow the injection of differently radiolabeled 15-m-diameter microspheres into the aortic arch, as described previously (38) . Anesthetized rats were kept on a heating pad to maintain core temperature, measured via rectal probe, at ϳ37-38°C.
After catheter placement procedures, isoflurane inhalation was progressively discontinued, and rats were kept under anesthesia with intra-arterial pentobarbital sodium throughout the experiment. The level of anesthesia was monitored frequently via the toe-pinch and blink reflexes and supplemented as necessary. Overlying skin and fascia from the middorsal region of the rat was removed carefully to expose the spinotrapezius muscle. The muscle was moistened constantly during the surgical preparation via superfusion of KrebsHenseleit (K-H) bicarbonate-buffered solution (4.7 mM KCl, 2.0 mM CaCl 2, 2.4 mM MgSO4, 131 mM NaCl, and 22 mM NaHCO3), equilibrated with 5% CO2 and 95% N2 at ϳ38°C, whereas surrounding tissue was covered with Saran Wrap (Dow Brands). Stainless steel electrodes were sutured to the rostral (cathode) and caudal (anode) regions of the spinotrapezius muscle for electrically induced contractions. Our laboratory has previously demonstrated that these surgical procedures do not alter the microvascular integrity and responsiveness of the spinotrapezius muscle (9) .
Experimental protocol. Two separate contraction bouts were performed under control (3-ml K-H) and H2O2 (100 M in 3-ml K-H) superfusion conditions. This concentration was selected based on previous studies in which similar exogenous H2O2 concentrations impacted significantly rat skeletal muscle arteriolar tone (16) , mitochondrial respiration (57) , and force production (49) . Given that intracellular H2O2 reaches a value that is approximately an order of magnitude lower than that of the applied exogenous concentration (6), our experimental protocol was expected to elevate acutely H2O2 to those levels measured in the early stages of senescence and cardiovascular diseases (i.e., from ϳ10 M in the healthy young rat skeletal muscle interstitial fluid and mesenteric artery in vivo to ϳ20 -40 M in conditions such as hypertension; Refs. 59, 63, 64) . Also relevant in this regard is that exposure of isolated skeletal muscle fibers to 100 M H2O2 does not produce gross histological damage (Ref. 41 , see also Ref. 47 ). Exogenous H2O2 treatment does not produce oxidative damage to hemoglobin (Hb) in intact red blood cells (12.5-100 M; Refs. 33, 39) or myoglobin in isolated skeletal muscle (1 mM; Ref. 19) . Due to its time-dependent actions on eNOS and NADPH oxidase activity (12, 27) , H2O2 was the last treatment to prevent residual long-term effects on vascular and skeletal muscle function.
The experimental protocol is illustrated in Fig. 1 . The spinotrapezius muscle was superfused with each solution (average flow rate ϳ2 ml/min) for a total time of ϳ1.5 min, after which a 3-min incubation period followed to allow arteriolar vasodilation (and, consequently, Q O2 and PmvO 2 ) to reach steady state under H2O2 treatment based on data from Csekő et al. (16) and preliminary studies from our laboratory (Hirai DM, Copp SW, Schwagerl PJ, Musch TI, Poole DC; unpublished observations). Subsequently, electrical stimulation (1 Hz, ϳ7 V, 2-ms pulse duration) of the muscle was evoked via a Grass stimulator (model s48) for 3 min. The muscle was then allowed to recover for ϳ25 min before the next condition was initiated (stimulation parameters were held constant).
The spinotrapezius preparation exhibits reproducible PmvO 2 kinetic parameters during transitions in metabolic demand evoked by 1-Hz twitch contractions when a minimum of 20 min of recovery is allowed between contraction bouts (14, 23) . Accordingly, highly reproducible overall Pmv O 2 kinetics [mean response time (MRT)] from repeated contraction bouts separated by ϳ25 min were obtained herein (withinanimal coefficient of variation: 3 Ϯ 2 s; n ϭ 6) with no ordering effect (overall within-animal difference: 1 Ϯ 3 s; P Ͼ 0.05). Moreover, the 25-to 30-min period between contractions (3 min off-transition, ϳ20 min recovery, ϳ1.5-min superfusion, 3-min incubation; see Fig. 1 ) was employed herein to avoid any priming effect that might confound the experimental interpretation of the Pmv O 2 responses to muscle contractions (11) .
Measurement of PmvO 2 . PmvO 2 was measured by phosphorescence quenching using a Frequency Domain Phosphorometer (PMOD 5000; Oxygen Enterprises). The principles of the phosphorescence quenching method have been discussed in detail previously (10) . Briefly, this method applies the Stern-Volmer relationship (50) , which describes quantitatively the O 2 dependence of the phosphorescent probe (i.e., R2) via the following equation:
where kQ is the quenching constant, and 0 is the phosphorescence lifetime in an O2-free environment. The of phosphorescence decay was determined using 10 scans (100 ms) in the single-frequency mode (50, 61) . The phosphor R2 ( 0 ϭ 601 s and kQ ϭ 409 mmHg Ϫ1 ·s
Ϫ1
at pH ϭ 7.4 and temperature ϳ38°C) was infused ϳ15 min before initiation of muscle contractions. The R2 probe is bound to albumin and is distributed uniformly in the plasma, thus providing a signal corresponding to the volume-weighed O 2 pressure in the microvascular compartment (mainly the PO2 within the capillaries, which volumetrically constitutes the major intramuscular space; Ref. 45 ). In addition to albumin binding, the negative charge of the R2 probe also facilitates its restriction to the intravascular space within the muscle (44) . Data from Oter and Ribou (42) suggest that it is highly unlikely that our H 2O2 treatment could affect oxygen measurements with probes such as metalloporphyrin complexes (e.g., R2). In fact, no interference is expected to occur in lifetime-based measurements using H 2O2 concentrations Ͻ 0.1 M. The common end of the bifurcated light guide was placed 2-4 mm superficial to the dorsal surface of the exposed spinotrapezius muscle. The phosphorometer modulates sinusoidal excitation frequencies between 100 Hz and 20 kHz and allows phosphorescence lifetime measurements from 10 s to ϳ2.5 ms. The excitation light (524 nm) was focused on a randomly selected area of ϳ2 mm diameter of exposed muscle and has a resulting penetration depth of ϳ500 m, which is somewhat less than the spinotrapezius muscle thickness in the region sampled. Pmv O 2 was recorded at 2-s intervals throughout the duration of the experimental protocol (superfusion, incubation, electrical stimulation, and recovery periods).
Movement of the light guide (or animal) was avoided so as to monitor the same sampling site throughout the entire experimental protocol. However, alteration of the Pmv O 2 measurement plane during muscle contractions precluded kinetic curve fitting in some instances. Therefore, PmvO 2 results from the present study are presented from animals under the following conditions: control, n ϭ 20; H2O2, n ϭ 12.
Analysis of PmvO 2 kinetics. The kinetics of PmvO 2 were described by nonlinear regression analysis using the Marquardt-Levenberg algorithm (SigmaPlot 9.01; Systat Software) for the onset of contractions. Transient Pmv O 2 responses were fit with either a one-or two-component model (10): 1) One-component:
2) Two-component:
where Pmv O 2 (t) is the PmvO 2 at a given time t; PmvO 2 (BL) corresponds to the precontracting resting PmvO 2 ; ⌬1 and ⌬2 are the amplitudes for the first and second components, respectively; TD1 and TD2 are the independent time delays for each component; and 1 and 2 are the time constants (i.e., time taken to achieve 63% of the response) for each component. Goodness of fit was determined using three criteria: 1) the coefficient of determination; 2) the sum of squared residuals; and 3) visual inspection. The MRT (31) was used to describe the overall dynamics of the Pmv O 2 response:
The MRT analysis was limited to the first phase of the Pmv O 2 response, since inclusion of the emergent second phase underestimates the actual rate of Pmv O 2 fall following the onset of contractions (25) . The overall time necessary to attain 63% of the final amplitude of the Pmv O 2 response during the onset of contractions was determined independent of modeling procedures (T63; Ref. 29) as an additional means of checking the accuracy of the model fits to the data.
The area under the Pmv O 2 curve plotted as function of time (PO2area; Ref. 24 ) was calculated during 3 min following the onset of contractions to provide an index of the overall muscle PmvO 2 throughout the exercise transient for each condition {i.e., incorporating resting and contracting steady-state Pmv O 2 [PmvO 2 (SS)], time delays, amplitudes, and time constants of the response to yield a value expressed in Torr·s}.
Measurement of Q m. Spinotrapezius blood flow was measured using the radiolabeled microsphere technique, as described in detail previously (38) . In each condition (control and H 2O2), the stimulated right and nonstimulated left spinotrapezius muscles represented the contracting and resting blood flow measurements, respectively (14, 23) . Briefly, the tail artery catheter was connected to a 1-ml syringe, and blood withdrawal was initiated at a constant rate of 0.25 ml/min via a Harvard pump (model 907). Differentially radiolabeled 15-mdiameter microspheres ( 46 Sc or 85 Sr; Perkin Elmer Life and Analytical Sciences) were injected in random order into the aortic arch via the carotid artery catheter during the contracting steady state (i.e., ϳ3 min after initiation of muscle contractions). On completion of the experiment, the right and left spinotrapezius muscles and right and left kidneys were carefully dissected, removed, and weighed immediately after euthanasia. The thorax was opened, and placement of the carotid artery catheter into the aortic arch was confirmed by anatomic dissection.
Tissue radioactivity was determined on a gamma scintillation counter (Packard Auto Gamma Spectrometer, Cobra model 5003), and Q m was determined by the reference sample method (28) and expressed as milliliters per minute per 100 g tissue. Adequate mixing of the microspheres was verified for each injection by demonstrating a Ͻ15% difference in blood flow between the right and left kidneys.
Calculation of muscle V O2. Muscle V O2 was estimated from PmvO 2 and Q m measurements, as described previously (14, 23) . Briefly, arterial O2 concentration (CaO 2 ) was calculated from arterial blood samples, while venous O2 concentration (CvO 2 ) was calculated from both the mean resting or contracting PmvO 2 (SS) using the rat O2 dissociation curve (Hill coefficient of 2.6), the measured Hb concentration, a PO2 at which Hb is 50% saturated of 38 mmHg, and an O2 carrying capacity of 1.34 ml O2/g Hb (2). Mean resting and contracting steady-state spinotrapezius Q m values were then used to calculate muscle V O2 values via the Fick equation [i.e., V O2 ϭ Q m (CaO 2 Ϫ CvO 2 )]. Muscle V O2 standard errors were estimated from Q m measurements.
Measurement of muscle force production. The caudal end of the spinotrapezius muscle was exteriorized and sutured to a swivel apparatus and a nondistensible light-weight (0.4 g) cable, which linked the muscle to a Grass force transducer (model FTO3). The preload tension of the muscle was set at ϳ4 g, which evoked the optimal length of the muscle for twitch force production (14, 23) . Superfusion and contraction protocols were performed as described above. Force production was expressed as grams per gram muscle.
Time-control experiments demonstrated excellent reproducibility of force production measurements (within-animal coefficient of variation: 1 Ϯ 1 g/g muscle; i.e., Յ5%; n ϭ 6) with no ordering effect (overall within-animal difference: 2 Ϯ 1 g/g muscle; i.e., Յ10%; P Ͼ 0.05) between two consecutive contraction bouts. Therefore, based on these findings and our laboratory's previous reports demonstrating the stability and reproducibility of the spinotrapezius preparation (9, 14, 23) , it is highly unlikely that fatigue and/or deterioration of the preparation per se could account for any changes (or lack thereof) in measured variables under different treatments.
Statistical analyses. PmvO 2 and MAP data comparison was performed using unpaired Student's t-tests. Blood flow, V O2, and force production data comparisons were performed using ANOVA techniques. Post hoc analyses were performed with the Bonferroni test when a significant F ratio was detected. The level of significance was set at P Ͻ 0.05. Results are reported as means Ϯ SE. Table 1 for details). Bottom: mean values for the area under the PmvO 2 curve (PO2area) following the onset of contractions under control and H2O2 treatments. PO2area was determined through integration of the area under the PmvO 2 curve over the 3-min stimulation period for each condition. Values are means Ϯ SE. *Significantly different from control, P Ͻ 0.05. (Fig. 3, bottom) . Q m. MAP values were not different during Q m measurements when comparing distinct conditions (control: 95 Ϯ 3 mmHg; H 2 O 2 : 96 Ϯ 5 mmHg; P Ͼ 0.05). H 2 O 2 treatment augmented significantly resting and contracting Q m compared with control (Fig. 4) ; P Ͼ 0.05). Fig. 6 , muscle force production was not significantly different throughout the contraction period between control and H 2 O 2 . Thus, as a consequence of the relatively greater contracting steady-state V O 2 (Fig. 5) , H 2 O 2 treatment decreased the force/V O 2 relationship by ϳ40% compared with control (Fig. 6, inset) .
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DISCUSSION
This study evaluated the effects of acute H 2 O 2 exposure on skeletal muscle function at rest and during contractions in healthy young rats. Consistent with our hypothesis, redox modulation via H 2 O 2 treatment elevated Pmv O 2 at rest and during contractions, while slowing its kinetics, an effect that reflected significant disproportionate increases in muscle Q O 2 and V O 2 . However, contrary to our expectation, H 2 O 2 treatment did not increase muscle force production. These results demonstrate that, although enhancing the driving force for blood-myocyte O 2 transfer, increased H 2 O 2 reduces acutely the economy of contractions (i.e., decreased force/V O 2 relationship).
H 2 O 2 modulates skeletal muscle function. Acute exposure of isolated skeletal muscle arterioles to H 2 O 2 modulates myogenic tone in a concentration-and time-dependent manner, such that exogenous 100 M H 2 O 2 produces biphasic changes composed of a brief constriction followed by a substantial vasodilation that reaches steady state within ϳ3 min (16) . Enhanced arteriolar tone appears to be primarily mediated by the release of endothelium-and smooth muscle-derived constrictor prostaglandins (prostaglandin H 2 and thromboxane A 2 ), whereas decreased arteriolar tone is caused mainly by the activation of both eNOS and K ϩ channels (including Ca 2ϩ -activated and ATP-sensitive K ϩ channels) in the smooth muscle (16) . These effects are consistent with the stimulatory actions of H 2 O 2 on eNOS activity (12, 27, 63, 64) and the identification of H 2 O 2 as an endothelium-derived hyperpolar- . Mean spinotrapezius muscle force production under control and H2O2 treatments. Note that muscle force production was not significantly different throughout the contraction period between control and H2O2. Inset: the force/V O2 relationship for both treatments. As a result of the greater muscle V O2 induced by H2O2 (Fig. 4) , a reduction of ϳ40% in the force/V O2 relationship was observed. Values are means Ϯ SE. *Significantly different from control, P Ͻ 0.05.
izing factor (34, 51) . Although the relative importance of each vasodilatory pathway in skeletal muscle is currently unknown, augmented accumulation of endogenous H 2 O 2 contributes substantially to functional vasodilation, given that catalase treatment blunts the increase in skeletal muscle arteriolar diameter during contractions (32) . Elevated Q m at rest and during contractions under H 2 O 2 treatment in the present investigation (Fig. 4) corroborates and extends significantly the aforementioned studies by demonstrating that acute increases in H 2 O 2 modulate skeletal Q m and Pmv O 2 in situ.
Although not every Pmv O 2 profile exhibited a transient fall consistent with the biphasic arteriolar diameter response reported by Csekő et al. (16) , exogenous H 2 O 2 increased resting spinotrapezius Pmv O 2 in all instances within ϳ30 s (Fig. 2) . In addition to differences in experimental design (see below), this behavior could also be explained by the fact that Pmv O 2 is directly proportional to the Q O 2 /V O 2 (10), while arteriolar diameter measurements only provide an index of Q O 2 . This is particularly important considering that altered H 2 O 2 levels also impact mitochondrial function (and thus muscle V O 2 ). Tonkonogi et al. (57) documented a significant impairment in the coupling between respiration and phosphorylation (as assessed by a decrease in the respiratory control index; i.e., the ratio of state 3 to state 4 mitochondrial respiration) and an ϳ19% reduction in phosphorylation efficiency (decreased P/O ratio; i.e., the relationship between ATP resynthesis and O 2 consumption) in isolated skeletal muscle mitochondria exposed to 100 M H 2 O 2 . These effects are partially mediated by an increase in proton leakage through the adenine nucleotide translocase protein (an antiporter that exchanges ADP for ATP across the inner mitochondrial membrane) (57) . Teleologically, a greater proton leakage promoted by elevated H 2 O 2 levels could serve as a compensatory mechanism, since the consequent reduction in mitochondrial proton gradient and membrane potential would attenuate ROS production and thus limit potential oxidative damage (54, 60) . It is important to note that participation of other ROS, such as the hydroxyl radical (which can be generated via the interaction between ferrous iron and H 2 O 2 ; i.e., the Fenton reaction) is unlikely to occur, given that the iron chelator deferoxamine does not attenuate the effects of H 2 O 2 treatment on mitochondrial respiration (52) . Our data are consistent with those of Tonkonogi et al. (57) and reveal that H 2 O 2 treatment markedly increased resting and contracting steady-state V O 2 in healthy rat skeletal muscle (Fig. 5) . The observation of similar ⌬V O 2 from rest to contractions for control and H 2 O 2 treatment supports the notion that H 2 O 2 impacted mitochondrial control rather than the contractile apparatus. Although increased NO bioavailability (induced by the stimulatory actions of H 2 O 2 on eNOS activity; Refs. 12, 27, 63, 64) could act to inhibit mitochondrial respiration (13) , that the net effect of acute H 2 O 2 treatment is increased basal and contracting V O 2 (Fig. 5) (Figs. 4 and 5) . These effects can be summarized by analysis of the PO 2area , which was ϳ33% greater with H 2 O 2 compared with control (Fig. 3, bottom) .
However, the greater potential for blood-myocyte O 2 flux under H 2 O 2 treatment occurs at the expense of an elevated O 2 cost of contraction, as evidenced by an increased muscle V O 2 (Fig. 5) , concurrent with unchanged force production (i.e., ϳ40% decrease in the force/V O 2 relationship; Fig. 6 ). Such reduced muscle economy could compromise sustained contractile activity by exacerbating perturbations of the intramyocyte physicochemical milieu (e.g., accentuated depletion of phosphocreatine and glycogen stores; Ref. 1) .
Skeletal muscle contractile function is influenced by ROS bioavailability and its effects on myocyte redox state (20, 46, 48) . The conceptual model developed by Reid et al. (4, 48, 49) describes the relationship between muscle redox balance and submaximal force production as a bell-shaped response profile (Fig. 7) . This model predicts that a certain level of ROS accumulation is necessary to cause a rightward shift along the response curve from the relatively reduced redox state of unfatigued skeletal muscle toward the optimal redox state, where force production is maximized. Exogenous H 2 O 2 evokes concentration-and time-dependent effects on skeletal muscle force production (4, 49 (4, 55) . The mechanisms involved in the modulation of Ca 2ϩ sensitivity by H 2 O 2 appear to depend on its interaction with myoglobin and glutathione (a nonenzymatic Fig. 7 . Hypothetical model illustrating the redox regulation of submaximal muscle force production as proposed originally by Reid et al. (4, 48, 49) . The model predicts that deviations from optimal redox state are associated with reduced muscle force production. For any given condition, the putative location on the biphasic response profile is depicted as a potential range (i.e., circles demarcated by dotted lines) and not as a definite point, since it is not possible to precisely and directly determine redox state (46, 48) . Unfatigued muscle redox state at rest is located slightly to the left of the optimal for contractile function, whereas muscle contractions under control conditions enhance ROS accumulation, thus shifting the muscle to the right toward greater force production. Acute oxidant treatment with H2O2 is expected to further push muscle redox state to the right compared with control contractions. Similar force production under H2O2 treatment relative to control in the present study may have resulted, in part, from a rightward shift along the bell-shaped response profile, placing muscle redox state beyond the optimal point, as depicted in the figure. As such, the correspondence between force production in the control and H2O2 conditions would be coincidental. See text for discussion.
thiol antioxidant in muscle fibers) in a concentration-and time-dependent manner (37) .
Contrary to our hypothesis, we observed that H 2 O 2 treatment did not change force production compared with control (Fig.  6) . The reasons for this divergence are unclear, but may relate to 1) the utilization of distinct experimental protocols (including the influence of temperature on ROS bioavailability and myofiber Ca 2ϩ sensitivity, since studies conducted in isolated preparations are commonly performed at subphysiological temperatures to promote stability; Refs. 7, 36); 2) muscle fiber type, as the mixed fiber-type spinotrapezius muscle (18) could retain the resistance to ROS-induced increases in Ca 2ϩ sensitivity of the contractile apparatus characteristic of predominantly slow-twitch fibers (37); 3) a rightward shift along the bell-shaped response profile that places the muscle past the optimal redox state and results in similar force production compared with control (see Fig. 7 ); 4) compartmentalized ROS scavenging that suppresses the potential effects of H 2 O 2 treatment on force production (see below); or 5) the opposing effects of endogenous NO on contractile function (e.g., reduced myofiber Ca 2ϩ sensitivity; Refs. 5, 55). Experimental considerations. Modulation of physiological responses to altered H 2 O 2 bioavailability appears to be specific to the tissue under consideration. Within the cardiovascular system, H 2 O 2 is capable of evoking vasoconstriction, vasodilation, or a biphasic response, depending on the vascular bed (i.e., location and branch order), vascular tone (i.e., basal contractile state, method utilized to induce tone in isolated preparations), resting membrane potential, age, and/or disease status (8, 16, 22, 32, 34, 35, 43, 51, 53, 58, 63, 64) . Distinct localization, activity, and/or expression of antioxidant systems, as well as differences in individual peroxidase enzyme kinetics result in redox compartmentalization (i.e., specific tissue and cellular concentrations of ROS) (40) . These and potentially other factors interact to regulate local redox state and dictate spatial and temporal heterogeneity in the physiological responses to transient changes in H 2 O 2 levels. Caution is, therefore, required when extrapolating findings from different sites within the cardiovascular system (e.g., skeletal muscle, coronary, cerebral, and mesenteric circulations). Furthermore, marked skeletal muscle fiber-type differences in ROS generation and scavenging (3, 46) suggest that a given stimulus (e.g., contractions, redox modulation via oxidant or antioxidant treatment) might produce dissimilar outcomes. In this regard, it is pertinent that the rat spinotrapezius muscle exhibits a mixed fiber-type composition and oxidative capacity that resemble closely the human quadriceps (18, 30) , thus representing a useful surrogate of human skeletal muscle. The spinotrapezius preparation also allows superfusion as a method to deliver specific compounds to the muscle, which is expected to modify only local redox state and avoid the potential for systemic influences (e.g., alterations in MAP).
It is unlikely that our acute H 2 O 2 treatment (100 M) produced loss of vascular and/or skeletal muscle function. Accordingly, H 2 O 2 washout in preliminary studies from our laboratory (Hirai DM, Copp SW, Schwagerl PJ, Musch TI, Poole DC; unpublished observations) revealed that Pmv O 2 returned to pretreatment values in ϳ20 min. Data from these preliminary studies also indicated no impairment in force production during an additional third contraction bout performed in identical fashion to the control condition. These findings are consistent with previous studies utilizing sim- (17, 62) , that no changes in MAP were observed for H 2 O 2 treatment compared with control argues against that possibility. It is feasible that the present H 2 O 2 concentration and/or relatively small muscle mass of the spinotrapezius limited the triggering of these events.
Limitations. Given the nature of our experimental protocol, muscle tissue analysis for ROS was not feasible due to the two required contraction bouts (control and H 2 O 2 ). Blood samples were not taken for ROS measurements since, as noted above, the superfusion method utilized herein was expected to impact only local redox state. Nevertheless, the exogenous application of H 2 O 2 via superfusion of the rat spinotrapezius muscle is similar to that employed by others and has been demonstrated, although indirectly, to impact effectively intracellular H 2 O 2 levels (32).
Summary and conclusions. The present study demonstrates for the first time that acute H 2 O 2 treatment promoted disproportionate increases in skeletal muscle Q O 2 and V O 2 , both at rest and during submaximal contractions in situ. These alterations modified significantly the microvascular Q O 2 -V O 2 balance, such that Pmv O 2 was elevated at rest and throughout contractions (along with ϳ85% slower overall kinetics) compared with the control condition. However, the greater potential for blood-myocyte O 2 flux under H 2 O 2 treatment occurred concurrently with reduced economy of contractions, as revealed by the significant decrease in the force/V O 2 relationship. These novel findings indicate that, while potentially improving vascular function, transient increases in H 2 O 2 have detrimental effects on skeletal muscle function (i.e., augmented O 2 cost of force production) that may contribute to exercise intolerance in conditions associated with oxidative stress.
